1. Introduction {#sec1-genes-10-00469}
===============

The centromere is a *locus* essential for chromosome segregation and genome integrity; this function is carried out by supporting kinetochore assembly and attachment to spindle microtubules. Most vertebrate centromeres are composed of long stretches of highly repeated DNA sequences named satellite DNA \[[@B1-genes-10-00469],[@B2-genes-10-00469]\]. Nonetheless, kinetochore assembly is not dependent on the primary DNA sequence, and the centromeres are epigenetically determined, the modified H3 histone CENP-A (CENtromere Protein A) being the marker of centromere function. The existence of completely satellite-free pathological \[[@B3-genes-10-00469],[@B4-genes-10-00469],[@B5-genes-10-00469]\] and natural \[[@B6-genes-10-00469],[@B7-genes-10-00469],[@B8-genes-10-00469],[@B9-genes-10-00469],[@B10-genes-10-00469]\] centromeres raises the question of whether satellite DNA at centromeres plays any functional role. Centromeric repetitive DNA is typically devoid of active genes, thus it may aid the formation of a heterochromatic environment, which would favor the stability of the chromosome during mitosis and meiosis \[[@B1-genes-10-00469],[@B2-genes-10-00469],[@B5-genes-10-00469]\]. In several species, centromeric satellite DNA is transcribed, and it has been suggested that transcription of the centromeric regions may be important for chromatin opening and CENP-A loading; these transcripts are believed to provide a flexible scaffold that allows assembly or stabilization of the kinetochore proteins and may act in trans on all or on a subset of chromosomes independently of the primary DNA sequence \[[@B11-genes-10-00469],[@B12-genes-10-00469],[@B13-genes-10-00469],[@B14-genes-10-00469]\]. Moreover, most mammalian centromeric satellite DNA sequences contain binding sites for the constitutive centromeric protein CENP-B (CENtromere Protein B), whose role is still a matter of debate \[[@B15-genes-10-00469],[@B16-genes-10-00469],[@B17-genes-10-00469],[@B18-genes-10-00469]\].

A crucial issue in centromere biology concerns the contribution of satellite DNA to chromosome segregation fidelity. To our knowledge, the mitotic stability of satellite-free centromeres was not carefully investigated. Data from the analysis of pathologic satellite-free centromeres indicate that these marker chromosomes are often present in the individual in mosaic form. Since most human neocentromeres give rise to partial trisomy or tetrasomy, it is plausible to suppose that the selective disadvantage of partial aneuploidy is responsible for this mosaicism \[[@B5-genes-10-00469]\].

Human artificial chromosomes containing fully functional centromeres have been constructed by different approaches \[[@B19-genes-10-00469],[@B20-genes-10-00469],[@B21-genes-10-00469],[@B22-genes-10-00469]\], and it was demonstrated that to be propagated in culture, they require alpha-satellite arrays, including binding sites for the CENP-B protein (CENP-B box) \[[@B23-genes-10-00469],[@B24-genes-10-00469]\]. Later on, human artificial chromosomes with a conditional centromere were used to manipulate the epigenetic state of chromatin and to elucidate the requirements for proper centromere function \[[@B25-genes-10-00469],[@B26-genes-10-00469],[@B27-genes-10-00469]\]. These studies together with high resolution immunofluorescence on chromatin fibers \[[@B28-genes-10-00469]\] revealed that a centromere-specific balance between typical euchromatic and typical heterochromatic post-translational histone modifications is essential for kinetochore activity, with highly repetitive DNA stretches having a central role.

We previously described a biological model system represented by species belonging to the genus *Equus* that is especially suitable for the dissection of centromere function \[[@B6-genes-10-00469],[@B14-genes-10-00469],[@B29-genes-10-00469],[@B30-genes-10-00469],[@B31-genes-10-00469],[@B32-genes-10-00469],[@B33-genes-10-00469],[@B34-genes-10-00469]\]; in these species, the centromere function and the position of satellite DNA turned out to be often uncoupled \[[@B30-genes-10-00469]\]. Moreover, centromere repositioning (that is, centromere movement along the chromosome without rearrangement \[[@B35-genes-10-00469]\]) was unexpectedly frequent in *Equus* species \[[@B36-genes-10-00469]\] and generated satellite-free centromeres. In particular, one horse (ECA, *Equus Caballus*) chromosome (ECA11) and 16 donkey (EAS, *Equus Asinus*) chromosomes (EAS4, 5, 7, 8, 9, 10, 11, 12, 13, 14, 16, 18, 19, 27, 30, X) were demonstrated to be completely satellite-free at the sequence level \[[@B6-genes-10-00469],[@B34-genes-10-00469]\].

Strikingly, the satellite-free centromere of horse chromosome 11 and the 16 satellite-free donkey centromeres showed a sliding behavior. In other words, we demonstrated that the functional centromeric domain as defined by CENP-A binding at these centromeres can move within a region spanning 500-600 kb, thus generating functional alleles or "epialleles" \[[@B33-genes-10-00469],[@B34-genes-10-00469]\].

In the present paper, we analyzed the mitotic stability of horse chromosome 11 (ECA11), whose centromere is completely satellite-free, and compared it with that of chromosome 13 (ECA13), which has similar size and a centromere containing long stretches of the canonical horse centromeric satellite DNA families \[[@B30-genes-10-00469],[@B32-genes-10-00469]\]. The comparison was performed under normal conditions and after exposure of the cells to mitotic stress induced by the spindle inhibitor nocodazole. Two chromosome stability assays, interphase aneuploidy analysis and the cytokinesis-block micronucleus assay, were combined with fluorescence in situ hybridization (FISH) with chromosome specific probes.

2. Materials and Methods {#sec2-genes-10-00469}
========================

2.1. Cell Line and Metaphase Spread Preparation {#sec2dot1-genes-10-00469}
-----------------------------------------------

A horse skin fibroblast cell line was previously established \[[@B30-genes-10-00469]\]. The fibroblasts were cultured in Dulbecco's modified Eagle's medium (CELBIO) supplemented with 20% fetal calf serum (Bio-west), 2 mM glutamine, 2% non-essential amino acids, and 1x penicillin/streptomycin. Cells were maintained at 37 °C in a humidified atmosphere of 5% CO2.

Mitotically active cells were collected by flushing the medium on the cell monolayer. Metaphase spreads were prepared following the standard air-drying procedure.

2.2. Drug Treatment and Cytokinesis-Blok {#sec2dot2-genes-10-00469}
----------------------------------------

Fifty thousand cells were seeded in 5 cm diameter Petri dishes containing 24 × 24 mm coverslips. After a 24 h culture period, cells were exposed to nocodazole (Sigma, St. Louis, MO, USA) 100 nM. Since nocodazole is soluble in DiMethyl SulfOxide (DMSO), control cells were treated with the same DMSO concentration used for nocodazole treatment. For the cytokinesis-block micronucleus (CBMN) assay, 24 h after the addition of nocodazole (or DMSO in control samples) cytochalasin-B (Cyt-B), 5 μg/mL was added to the cultures. After 48 h of nocodazole treatment, the slides were processed for interphase nuclei and micronuclei preparations as follows. Slides were treated with 75 mM KCl hypotonic solution and incubated at 37 °C for 15 min. Cold (−20 °C) fixative (methanol:acetic acid---3:1) was added for 30 min. The fixation was repeated twice.

2.3. BAC Extraction and FISH {#sec2dot3-genes-10-00469}
----------------------------

Two bacterial artificial chromosomes (BACs) derived from horse CHORI-241 BAC library were used (CHORI241-21D14, chr11: 27,639,936-27,829,952; CHORI241-22C1, chr13: 7,346,775-7,544,907). The BACs were extracted from 100 mL of liquid culture (LB medium and chloramphenicol 12.5 μg/mL). The extraction was carried out with Qiagen Plasmid purification kit®, according to the supplier instructions.

The BACs were labeled by nick translation with Cy3-dUTP (Cyanine 3-dUTP, Perkin Elmer) and hybridized to metaphase spreads, interphase nuclei, or micronuclei preparations. For each slide, 250 ng of probe were used. Slides were denatured at 72 °C in 70% formamide 2 × SSC and immediately incubated overnight at 37 °C with the denatured probe in 50% formamide 2 × SSC. Post-hybridization washes were performed in 50% formamide 2 × SSC at 42 °C. Slides were counterstained with DAPI (4′, 6′-Diamidino-2-phenylindole hydrochloride, 1 μg/mL) and mounted in DAKO mounting medium.

A fluorescence microscope (Zeiss Axioplan) equipped with a cooled, grey scale charge coupled device (CCD) camera (Photometrics) was used for image capturing. Digital grey scale images for Cy3 and DAPI fluorescence signals were acquired separately, pseudo-colored, and merged using the IpLab software.

3. Results and Discussion {#sec3-genes-10-00469}
=========================

3.1. Interphase Aneuploidy Analysis {#sec3dot1-genes-10-00469}
-----------------------------------

Aneuploidy is the presence of extra or missing chromosomes in a cell. Different mechanisms can lead to aneuploidy: (i) nondisjunction, which can involve single or multiple chromosomes; (ii) merotelic attachment, which occurs when one kinetochore is attached to both mitotic spindle poles; and (iii) formation of multipolar/monopolar spindles. FISH in interphase is a rapid and reliable molecular cytogenetic approach for the targeted detection of aneuploidy \[[@B37-genes-10-00469]\]. The number of FISH signals per cell is counted using chromosome specific probes. This analysis is currently used for human prenatal diagnosis and for the rapid screening of cancer cell populations.

In the present study, we used this test to compare the segregation fidelity of horse chromosome 11, whose centromere is satellite-free, with that of chromosome 13, which has a similar size and the centromeric function associated to satellite DNA \[[@B30-genes-10-00469]\]. Interphase FISH experiments were carried out with two BAC probes derived from the horse CHORI-241 BAC library \[[@B38-genes-10-00469]\] and specific for ECA11 and ECA13, respectively (CHORI241-21D14, chr11: 27,639,936--27,829,952 and CHORI241-22C1, chr13: 7,346,775--7,544,907). The localization of the ECA11 centromeric BAC is shown in [Figure 1](#genes-10-00469-f001){ref-type="fig"}a. Since the centromere of chromosome 13 contains long stretches of satellite DNA and no single copy sequence co-localizes with the centromere, for the identification of this chromosome, we used a BAC clone mapping on the short arm close to the centromere ([Figure 1](#genes-10-00469-f001){ref-type="fig"}b).

To evaluate the frequency of aneuploid cells, the number of fluorescence spots corresponding to each probe was counted by visual inspection on interphase nuclei; numbers differing from two indicated an aneuploid condition. Since the frequency of chromosome specific aneuploidy and micronuclei was expected to be low, even minor differences in the efficiency or the stability of different fluorophores would impair the results. Therefore, to minimize experimental error, separate FISH experiments using the same fluorophore (Cy3) were carried out with probes for chromosome 11 and chromosome 13. [Figure 2](#genes-10-00469-f002){ref-type="fig"} shows examples of the results of FISH experiments. The number of signals was then counted on interphase nuclei hybridized with the chromosome 11 or with the chromosome 13 specific probe.

Samples of 4000 interphase nuclei from three replicate experiments for chromosome 11 and 13, respectively, were analyzed under control conditions. The results of the analysis are reported in [Table 1](#genes-10-00469-t001){ref-type="table"}. Statistical analysis of the difference in the number of nuclei aneuploid for chromosome 11 or 13 was performed with the χ^2^ test. The mitotic behavior of the two chromosomes was comparable, because the difference between the number of cells aneuploid for chromosome 11 (1,90) and for chromosome 13 (1,98) was not statistically significant, and the standard error of the replicates is reported in the table. [Table 1](#genes-10-00469-t001){ref-type="table"} also shows that the percentages of nullisomic, monosomic, and trisomic nuclei for the two chromosomes were similar. A few nuclei with four signals were observed: 0.40% and 0.36% for chromosome 11 and for chromosome 13, respectively. However, since this assay does not allow determination of whether these nuclei correspond to tetrasomic or tetraploid conditions, they were not included in the analysis of aneuploid cells.

Horse fibroblasts were then treated with 100 nM nocodazole for 48 h, and the number of aneuploid nuclei was counted in samples of about 1000 nuclei from two replicates for chromosomes 11 and 13, respectively, under control and stress conditions ([Table 2](#genes-10-00469-t002){ref-type="table"}). Nocodazole is a well described antimitotic agent that interferes with the function of spindle and cytoplasmic microtubules by binding to tubulin. The use of this drug was aimed at amplifying the difference, if any, in segregation fidelity between the satellite-free ECA11 centromere and the satellite-based ECA13 centromere and also at identifying possible differences in their sensitivity to conditions perturbing cell division.

A highly significant increase in the number of aneuploid nuclei was observed for both chromosomes after drug treatment (χ^2^ test, p-value 3 × 10^−3^ and 1 × 10^−4^, respectively). However, the difference in the number of nuclei aneuploid for chromosomes 11 or 13, as assayed by the χ^2^ test, was not significant either under control conditions or after drug treatment. This result indicates that satellite-free and satellite based horse centromeres are equally sensitive to this antimitotic drug.

3.2. Micronucleus Assay and Cytokinesis-Block MicroNucleus (CBMN) Assay {#sec3dot2-genes-10-00469}
-----------------------------------------------------------------------

The micronucleus assay is a mutagenic test for the detection of small membrane-bound DNA fragments (i.e., micronuclei in the cytoplasm of interphase cells) \[[@B39-genes-10-00469],[@B40-genes-10-00469]\]. Centric and acentric chromosome fragments as well as whole chromosomes unable to migrate to one pole during anaphase can be included into micronuclei. Two mechanisms, chromosome breakage and disturbance of chromosome segregation, may lead to the formation of micronuclei.

To test whether the formation of micronuclei is influenced by the presence/absence of centromeric satellite DNA, we performed the micronucleus assay using the chromosome specific BAC probes described above. Also, in this assay, to minimize the experimental error, micronuclei containing chromosome 11 or chromosome 13 were counted in independent experiments in which both probes were red labeled with Cy3.

In the same samples of 4000 nuclei previously analyzed for aneuploidy, we calculated the frequency of spontaneously occurring micronuclei. The results are reported in [Table 3](#genes-10-00469-t003){ref-type="table"}. The frequencies of spontaneously occurring micronuclei (1.6 and 1.4%) were comparable to those previously observed in human primary fibroblasts \[[@B41-genes-10-00469],[@B42-genes-10-00469]\], and no significant difference in the number of chromosome 11 or chromosome 13 containing micronuclei was observed, as determined by the Fisher's exact test. The standard error calculated in the three replicates is reported in the table.

As for the aneuploidy assay, we then analysed micronuclei in cells treated with nocodazole. To make sure that the cells being scored have completed mitosis during nocodazole treatment we performed the Cytokinesis-Block MicroNucleus (CBMN) assay \[[@B43-genes-10-00469],[@B44-genes-10-00469]\]. In this assay scoring is specifically restricted to once-divided bi-nucleated (BN) cells, after blocking cytokinesis with cytochalasin-B (Cyt-B), an inhibitor of microfilament ring assembly required for the completion of cytokinesis.

Cells were treated with 100 nM nocodazole for 48 h. During the last 24 h Cyt-B was added to the cultures. Two replicates were performed for each condition and in each experiment a total of 2.000 BN cells was scored. The results of the CBMN assay are reported in [Table 4](#genes-10-00469-t004){ref-type="table"}.

After nocodazole exposure, a highly significant increase in the total number of micronuclei was observed (χ^2^ test, *p*-value 3 × 10^−5^ and 9 × 10^−4^, respectively), thus demonstrating the effectiveness of the treatment. When the numbers of chromosome 11 and chromosome 13 containing micronuclei were compared, no difference between the two chromosomes was observed under control conditions or after exposure to nocodazole (due to the small number of chromosome positive micronuclei observed, the Fisher's exact test was used in this case). [Figure 2](#genes-10-00469-f002){ref-type="fig"}c,d show examples of bi-nucleated cells containing micronuclei positive for chromosome 11 and chromosome 13, respectively.

The results of the micronucleus assay confirmed that the mitotic behavior of the two chromosomes was comparable and that the absence of satellite DNA at the centromere did not affect its sensitivity to the spindle inhibitor nocodazole. These results are in agreement with those obtained by interphase nuclei analysis. Thus, two independent molecular-cytogenetic approaches demonstrated that, in the horse fibroblast system, segregation fidelity is not influenced by the presence of satellite DNA sequences at the centromere.

3.3. Chromatid Cohesion Analysis {#sec3dot3-genes-10-00469}
--------------------------------

Literature data report that aurora B-kinase, which regulates chromosome-spindle attachments, mislocalizes at pathological human satellite-free centromeres \[[@B45-genes-10-00469],[@B46-genes-10-00469]\]. Aurora B is part of a protein network, the chromosomal passenger complex (CPC), which regulates proper chromatid segregation. In the hypothesis that, in the horse system, the absence of satellite DNA at the centromere could affect CPC function, thus perturbing chromatid cohesion during cell division, we analyzed samples of 200 metaphase spreads from control fibroblast cultures and from cultures treated with 100 nM nocodazole. Again, FISH with the chromosome 11 and the chromosome 13 probes was performed in order to compare the behavior of the two centromeres. We never observed chromatid cohesion defects for any chromosome in either control samples or under mitotic stress conditions.

4. Conclusions {#sec4-genes-10-00469}
==============

The species belonging to the genus *Equus* are characterized by karyotypes where chromosomes with canonical satellite-based centromeres are present together with chromosomes with satellite-free centromeres \[[@B6-genes-10-00469],[@B14-genes-10-00469],[@B29-genes-10-00469],[@B30-genes-10-00469],[@B31-genes-10-00469],[@B32-genes-10-00469],[@B33-genes-10-00469],[@B34-genes-10-00469]\]. This exceptional biological model offers the opportunity to directly investigate, in a natural environment, the behavior of these differently organized centromeres.

Here, we analyzed the mitotic behavior of the satellite-free centromere of ECA11 and compared it with that of the canonical, satellite-based, ECA13 centromere. Our results demonstrated that the segregation accuracy of these two chromosomes is similar, thus suggesting that satellite DNA is dispensable for transmission fidelity.

Sequence analysis of the centromere of horse chromosome 11 showed that no motif resembling a CENP-B box is present (unpublished results). Consequently, our results suggest that, in the horse system, the CENP-B protein does not play a central role in chromosome segregation.

The function of satellite DNA at the centromere is a matter of debate, literature data suggesting that centromeric and/or pericentromeric repeated DNA sequences create the chromatin environment needed for sister chromatid cohesion and for kinetochore recruitment \[[@B5-genes-10-00469],[@B12-genes-10-00469],[@B13-genes-10-00469],[@B47-genes-10-00469]\]. Indeed, the large majority of vertebrate centromeres contain highly repeated DNA sequences \[[@B1-genes-10-00469],[@B2-genes-10-00469]\]. The widespread presence of repeated DNA at natural centromeres suggests that there is a positive selection for this kind of arrangement. The results presented here demonstrate that, at least in the horse, the absence of satellite DNA at the centromere does not affect chromosome segregation. Therefore, we postulate that satellite DNA may play roles other than the maintenance of segregation fidelity. One possibility based on our previous results on centromere sliding \[[@B33-genes-10-00469],[@B34-genes-10-00469]\] is that satellite DNA may contribute to constrain the borders of the functional centromeric domain within non-coding genomic regions.
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![Chromosomal localization by fluorescence in situ hybridization (FISH) of the bacterial artificial chromosome (BAC) probes used. (**a**) FISH with the ECA11 specific BAC probe. Chromosome 11 is marked by the arrows. (**b**) FISH with the ECA13 specific BAC probe. Chromosome 13 is marked by the arrows. Probe localization is marked by the red FISH signals in the images on the left. Chromosomes are counterstained with 4′, 6′-Diamidino-2-phenylindole hydrochloride (DAPI). Reverse DAPI banding is shown in the images on the right.](genes-10-00469-g001){#genes-10-00469-f001}

![FISH on interphase nuclei and on micronuclei. (**a**) A nucleus, disomic for chromosome 11, is flanked by a monosomic one. (**b**) Nucleus trisomic for chromosome 13. (**c**) Bi-nucleated Cyt-B treated cell with a disomic nucleus, a monosomic nucleus, and a chromosome 11 positive micronucleus. (**d**) Bi-nucleated Cyt-B treated cell with a disomic nucleus, a monosomic nucleus, and a chromosome 11 positive micronucleus.](genes-10-00469-g002){#genes-10-00469-f002}

genes-10-00469-t001_Table 1

###### 

Interphase FISH under normal conditions.

  Chromosome   Total Number of Nuclei   Diploid Nuclei (%)   Aneuploid Nuclei (% ± SE)   Type of Aneuploidy   Number (%)
  ------------ ------------------------ -------------------- --------------------------- -------------------- ------------
  *ECA11*      4000                     3924 (98,10)         76 (1.90 ± 0.196)           *nullisomy*          5 (0,12)
  *monosomy*   30 (0,75)                                                                                      
  *trisomy*    41 (1,02)                                                                                      
  *ECA13*      4000                     3921 (98,03)         79 (1.98 ± 0.329)           *nullisomy*          8 (0,20)
  *monosomy*   32 (0,80)                                                                                      
  *trisomy*    39 (0,98)                                                                                      

genes-10-00469-t002_Table 2

###### 

Interphase FISH under mitotic stress.

  Chromosome              Total Number of Nuclei   Diploid Nuclei (%)   Aneuploid Nuclei (% ± SE)   Type of Aneuploidy   Number (%)
  ----------------------- ------------------------ -------------------- --------------------------- -------------------- ------------
  **Control**                                                                                                            
  *ECA11*                 1107                     1084 (97,92)         23 (2.08 ± 0.014)           *nullisomy*          0
  *monosomy*              11 (0,99)                                                                                      
  *trisomy*               12 (1,08)                                                                                      
  *ECA13*                 1117                     1098 (98,30)         19 (1.70 ± 0.057)           *nullisomy*          0
  *monosomy*              11 (0,98)                                                                                      
  *trisomy*               8 (0,72)                                                                                       
  **Nocodazole 100 nM**                                                                                                  
  *ECA11*                 1045                     1000 (95,70)         45 (4.31 ± 0.085)           *nullisomy*          0
  *monosomy*              13 (1,24)                                                                                      
  *trisomy*               32 (3,01)                                                                                      
  *ECA13*                 1023                     976 (95,40)          47 (4.60 ± 0.042)           *nullisomy*          0
  *monosomy*              12 (1,17)                                                                                      
  *trisomy*               35 (3,42)                                                                                      

genes-10-00469-t003_Table 3

###### 

Spontaneously occurring micronuclei under control conditions without cytokinesis-block.

  Chromosome   Total Number of Nuclei   Total Number of Micronuclei (% ± SE)   Micronuclei Containing the Chromosome (% ± SE)   Micronuclei not Containing the Chromosome (%)
  ------------ ------------------------ -------------------------------------- ------------------------------------------------ -----------------------------------------------
  *ECA11*      4000                     63 (1.6 ± 0.098)                       7 (11.1 ± 1.143)                                 56 (88,9)
  *ECA13*      4000                     55 (1.4 ± 0.127)                       6 (10.9 ± 2.390)                                 49 (89,1)

genes-10-00469-t004_Table 4

###### 

Cytokinesis-Block MicroNucleus assay under mitotic stress.

  Chromosome              Total Number of BN Cells   Total Number of Micronuclei (% ± SE)   Micronuclei Containing the Chromosome (% ± SE)   Micronuclei not Containing the Chromosome (%)
  ----------------------- -------------------------- -------------------------------------- ------------------------------------------------ -----------------------------------------------
  **Control**                                                                                                                                
  *ECA11*                 2000                       31 (1.6 ± 0.002)                       6 (19.4 ± 0.019)                                 25 (80,6)
  *ECA13*                 2000                       32 (1.6 ± 0.000)                       6 (18.8 ± 0.000)                                 26 (81,2)
  **Nocodazole 100 nM**                                                                                                                      
  *ECA11*                 2000                       75 (3.8 ± 0.004)                       11 (14.7 ± 0.0004)                               64 (85,3)
  *ECA13*                 2000                       65 (3.3 ± 0.009)                       10 (15.4 ± 0.0180)                               55 (84,6)
